The kinetic-energy distribution of interatomic and -molecular Coulombic decay (ICD) electrons emitted following photoionization of 2s electrons from Ne atoms in NeAr dimers has been measured in a synchrotron radiation experiment with a velocity-map-imaging photoelectron-photoion-coincidence spectrometer. The position of the peak of the experimental distribution agrees well with calculations. The broadening of the distribution to high energies with respect to calculations of the ICD spectrum of the NeAr v = 0 ground state is explained by the contribution to the spectrum due to the population in the excited vibrational states v = 1 and v = 2 of the electron ground state. On the other hand, the broadening on the low-energy side of the measured distribution may be explained by the dimer contracting in the intermediate state before ICD occurs, electrons coming from the ICD to spin-orbit split excited ion states, or a combination of these effects.
I. INTRODUCTION
In recent years it has been shown that interatomic and -molecular Coulombic decay (ICD) plays an important role in the decay of numerous noncovalently bound systems following various types of excitation such as photon absorption [1] , electron impact [2] , and α-particle impact [3] . This process occurs when a constituent of such a system is left with an inner-valence-shell hole but without sufficient energy to emit a second electron. In an isolated system an atom in this state can only decay in a relatively slow manner by emission of a photon. In the case of molecules, internal energy redistribution opens up additional relaxation channels, such as intravibrational relaxation and dissociation, which can speed up the relaxation. However, in van der Waals complexes, hydrogen-bonded systems, or clusters, the excess energy contained in the inner-shell hole moiety can be communicated to a neighbor through the Coulomb operator. The result is that the originally excited moiety relaxes to the ground state of the singly ionized system while, simultaneously, an electron is emitted from the noncovalently bound neighbor. This process is energetically possible due to the fact that the resulting final state with two positive charges on two separate subsystems is generally lower in energy than the doubly ionized single isolated system. It was initially recognized in the seminal theoretical work of Cederbaum and coworkers [1] and subsequent publications that this process could be faster than the alternative decay channels mentioned above. Experimental proof of the ICD decay channel eventually arrived in the form of experiments on Ne clusters [4] and dimers [5] in which the importance of this process in these systems was demonstrated. In the following years this decay mechanism has been found to play a role in a large number of systems. For full and clear reviews of this field, see [6, 7] and references therein.
More recently, the ICD mechanism has been proposed to play a role in radiation damage of tissue following, for example, exposure to x rays [8] . The suggestion is that following interaction with the high-energy radiation and subsequent Auger decay or Auger cascade, the molecules can be left in states with inner-valence-shell holes which typically precede ICD. It is known that low-energy electrons are effective at causing single-and double-strand breaks in DNA, leading to mutations and cell death. These considerations have driven the investigation of ICD processes in water dimers [9] and clusters [10] and the liquid phase [11] . Also, this has provided motivation for the investigations of the possibility provided by resonant-Auger-induced ICD to selectively deposit energy and to control the ICD process, which allows target atoms to be preferentially excited [12] [13] [14] [15] .
Most discoveries and developments in this field have been instigated and guided by theoretical investigations, including the first experimental observation of the process itself. Much of the early theoretical work on the ICD process centered on ab initio calculations of the process in rare-gas dimers. This is due to the fact that, from a theory point of view, the calculation of the potential-energy curves, energy levels, and rates of possible competing dynamical processes is more approachable, while, from an experimental point of view, the small number of particles involved simplifies the detection of the products and thus allows better identification of the signature of the process. NeAr is one such rare-gas dimer which has been investigated multiple times from the theory viewpoint [16] [17] [18] . Indeed, it can be considered to be a benchmark system for the calculation of ICD rates. However, the few experimental works which have addressed this system have concentrated on the ICD process after K-shell ionization of the neon atom [19] . This process is quite different from the normal ICD process as it involves, first, Auger processes which lead to emission of a second electron, while the subsequent ICD process produces a third electron from the system, leading to a triply charged species. In contrast, to our knowledge, the ICD process described in [20, 21] . Indeed, the structure of the cluster is discussed in terms of the kinetic-energy distribution (KED) of the ICD electrons [20] .
In this work, we first validate the experimental method employed by comparing the measured KED of the ICD electrons from Ne 2 dimers with measurements on the same system based on a different technique [5] . To do this, Ne 2 dimers were photoionized by emitting an electron from the 2s shell of a neon atom using synchrotron radiation, and the subsequent ICD electrons were collected. We then present experimental results on the energy distribution of the electrons emitted in the ICD process following the same initial process in the NeAr dimer. The results are discussed in terms of previous theoretical investigations of the ICD process in NeAr [16] [17] [18] .
II. EXPERIMENTAL SETUP AND DATA ANALYSIS
The experiments reported have been performed at the Gas Phase beam line at the Elettra synchrotron radiation laboratory (Trieste, Italy) [22] . As the experimental apparatus employed (shown in Fig. 1 ) has been described previously [23] , only a brief outline of the salient points is presented here. A supersonic beam was formed by expanding a 12:1 mixture of Ne and Ar through a liquid-nitrogen-cooled nozzle with an internal orifice diameter of 50 μm. The resulting beam, which contains <1% of Ne 2 and NeAr dimers, crossed the focused synchrotron radiation beam at right angles in the interaction region of an electron velocity-mapimaging photoelectron-photoion-coincidence (VMI PEPICO) spectrometer (schematic shown in Fig. 1 ). The electrons that formed due to the interaction of synchrotron light, photon energy of 120 eV, with the supersonic beam were guided by the electrostatic fields of the electron VMI spectrometer onto a delay-line position-sensitive detector (PSD), while the corresponding ions were accelerated into a time-of-flight spectrometer. In this way, the arrival position of the low-energy electrons (<35 eV) on the PSD was detected in coincidence with the arrival time(s) of the ion(s) formed in the same event. The arrival times of the ions are referenced to the corresponding electron arrival time by taking the average of the opposite ends of one dimension of the VMI delay-line detector. In this way, the arrival time of the ion does not depend on the arrival position of the electron. The resulting data can be analyzed to extract the velocity-mapped image of electrons born in triple photoelectron-photoion-photoion coincidence (PEPIPICO) with one Ne + ion and one Ar + ion (or two Ne + ions). Furthermore, the shape of the island formed by graphing a two-dimensional (2D) histogram of the arrival time of the first ion against that of the second ion allows us to select momentum-matched ions formed in a Coulomb explosion [see Fig. 2 (a)] as these ions form a line with a slope of −1 in the coincidence map. In Fig. 2 (a) the 2D histogram of the arrival times of the first ion in coincidence with the second ion of all electron-ion-ion coincidences is plotted, zooming in on the region containing the information on the coincidences between Ne + and Ar + . The vertical lines are due to false coincidences with Ne + ions (due to the large majority of Ne monomers in the supersonic beam), while the strong and weak lines with slopes of −1 are due to coincidences of Ar + ions with 20 Ne + (90% natural isotope abundance) and 22 Ne + (10% natural isotope abundance) ions, respectively. Only the arrival positions of the electrons corresponding to the ion coincidences contained within the ellipses on the ion-ion map are retained for the ICD electron VMI image shown in Fig. 2(b) . The resulting image is angularly averaged by converting the image to polar coordinates (r,θ ), integrating over θ , and reconstructing the image by assuming spherical symmetry [shown in Fig. 2(c) ]. This is a legitimate approach for the case of ICD, which is a completely isotropic process (β = 0).
The VMI images of the electrons derived in this way allow us to extract the KEDs of the electrons by using inversion methods based on the Abel transform. In order to obtain a reliable KED we have used a number of inversion methods, including BASEX [24] , PBASEX [25] , and an iteration-based method provided by Vrakking [26] . As each method gave comparable results, we have retained only the results of the iteration-based inversion method. The resulting KEDs are shown in Fig.  3(a) for electrons detected in coincidence with two Ne + ions following excitation at 120 eV, while that measured in coincidence with one Ne + ion and one Ar + ion is shown in Fig. 3(b) .
III. RESULTS AND DISCUSSION

A. KED of ICD electrons from Ne 2
The Ne 2 dimer was the second system studied, after Ne clusters [4] , in which a clear signature of the ICD process was definitively demonstrated [5] . 
In [5] the cold-target recoil-ion momentum spectroscopy (COLTRIMS) method was used. This method differs from the technique used here because it involves the measurement of the momenta of the two ions and the ICD electron for each event detected in coincidence through the use of a combination of magnetic and electrostatic fields. The VMI PEPIPICO technique, while measuring the same particles in coincidence, does not measure the ion momentum and, furthermore, requires thousands of events to build up a VMI image which is sufficiently intense to be inverted to yield the kinetic-energy distribution of the electrons. The two measurements should produce the same results for the electron kinetic-energy distribution; thus, the results of the analysis of the electron-Ne + -Ne + coincidences of the present experiment were compared with literature experimental values [5] . The kinetic-energy distribution was extracted from the electron VMI image corresponding to the pair of Ne + ions emitted and is shown as red squares in Fig. 3(a) . Figure 3 (a) also shows the previously measured ICD electron kinetic-energy distribution using the COLTRIMS technique (blue crosses) and the ab initio calculated distribution of Cederbaum and coworkers [27] [28] [29] . All distributions are in good agreement, with the two experimental curves differing at the half height on the high-energy side of the distribution by <100 meV. From this it is concluded that the VMI PEPIPICO technique employed here is quantitatively reliable for the measurement of the KEDs of ICD electrons from rare-gas dimers.
B. ICD in NeAr and the effect of nuclear dynamics on the electron KED
In contrast to the ICD process illustrated in Eq. (2) (Ne 2 ), the ICD process summarized in Eq. (1) (NeAr) has more energy available to the ICD channel due to the lower ionization potential of Ar. Indeed, the process can be described, in the most simple view, in terms of the energy levels of the corresponding atoms. The ionization potentials (IPs) of the 2s and 2p orbitals of Ne are 48.48 and 21.56 eV, respectively, while that for the 3p orbital of Ar is 15.8 eV. This information, together with the assumption that the ICD process takes place at the ground-state Ne-Ar equilibrium distance of 3.5Å, leads to the conclusion that the ions take away 4 eV of energy, corresponding to a Coulomb repulsion at a distance of 3.5Å, while the ICD electrons take the remaining energy. Thus, the electron KED should peak at 7.1 eV. This result, based on these very basic approximations, agrees remarkably well with sophisticated ab initio calculations [17] , which, for the ground vibrational state of NeAr (v = 0), predict a peak in the KED of the ICD electrons at 7.1 eV (the result is similar for ICD via both singlet and triplet final states) with a FWHM of 700 meV. The calculated distributions for the ICD electrons emitted following photoionization of the Ne 2s orbital of the electronic ground state of NeAr in its v = 0, v = 1, andv = 2 vibrational states have been extracted from Fig. 4 of Ref. [17] for the case of ICD via the triplet final states (dominant channels) and are plotted together with the experimental distribution in Fig. 3(b) . The first clear point to note is that, while the peak of the experimental spectrum coincides very well with that of the calculated distribution for the v = 0 state, the experimental distribution is much broader. The most obvious explanation would simply be that the energy resolution of the instrument is not sufficient to resolve the true width of the distribution. However, we have measured the instrument resolution by ionizing Ne with a photon energy of 30 eV for the VMI settings used (and the data analysis method employed), which gives photoelectrons with an energy of 8.5 eV, and we found a E/E FWHM of 10%. This corresponds to a broadening of 700 meV at 7 eV, which is significantly less than the FWHM of the experimentally measured distribution of >1.5 eV.
Before discussing the possible effects on the ICD process (including the effect of excited vibrational states) which could lead to such broadening, we first list processes other than ICD that potentially contribute to the low-energy electrons in coincidence with two ions, and we show that they can be neglected. One possible process, discussed at length for the NeAr dimer in [17] electrons should have energies centered on 1, 3.5, and 5 eV respectively, for these states. Such peaks are not observed in the experimental KED. This result is in agreement with the considerations of Ref. [17] , which predicts this process to be orders of magnitude weaker than ICD. Therefore, this process is excluded from contributing to the low-energy electrons in Fig. 3(b) .
Another possible contribution to these low-energy electrons may be generated by those correlation satellite states of either Ne or Ar which are high enough in energy to autoionize to the corresponding dication. The process is summarized as follows for the case of Ne: [30] . Furthermore, many other satellites in the energy range from 62.5 to 68 have 10 times higher populations, which would correspond to peaks in the kinetic-energy region <5.5 eV. As these peaks are not observed, it is reasonable to conclude that this process does not contribute to broadening of the KED of the ICD electrons. Similar arguments can be applied to the population of Ar + * (3s 0 3p 6 nl)and Ar + * (3s 1 3p 5 nl) states with respect to the Ar 2+ state. Therefore, this mechanism can also be excluded.
However, as described in Ref. [17] , it is possible that the populations in the v = 1 and v = 2 levels of the ground state of the NeAr can have a large effect on the KED of the ICD electrons due to the more diffuse initial wave packets. To demonstrate this clearly we have calculated the relative populations of the v = 0, v = 1, and v = 2 vibrational levels for a vibrational temperature of 20 K (consistent with the supersonic beam we have employed) based on the potentialenergy curve of the ground state [31] . Using these populations as weighting coefficients (1:0.27:0.16) for the KEDs of the ICD electrons extracted from [17] [and shown in Fig. 3(b) ] and summing the resulting KEDs, we obtain an overall distribution which is slightly narrower than the experimental distribution [thick dashed line in Fig. 3(b) ]. However, once the calculated KED has been convolved with the experimental resolution [thick solid line in Fig. 3(b) ], the resulting KED fits the high-energy side of the experimental distribution reasonably well. The effect of the higher vibrational levels is schematically illustrated in Fig. 4 using the potential-energy curves of the dimers. Therefore, it is possible to explain the signal at high kinetic energies (KEs) with respect to the ICD peak at 7.1 eV as being due to the initial populations of the ground-state NeAr dimer in the v = 1 and 2 states.
A process which may give a contribution to the higherenergy side of the ICD electron KED is the decay of the low-lying Ne correlation satellite states of the Ne + 2s 2 2p 4 nl type. The ICD decay of such states in the Ne 2 dimer has been discussed in detail in [32] . These satellite states, in the region from 48.48 eV (2s −1 threshold) to 60 eV, account for an intensity in the photoelectron spectrum of >30% of the 2s −1 main line for photoionization by 96 eV light [30] . The decay of such states in the dimer can proceed via ICD. In Ne 2 the evenparity states decay at the mean internuclear distance, while the odd-parity states decay at shorter internuclear distances. In both cases, the KED of the resulting ICD electron is higher than that of the main 2s ICD electron. The signal-to-noise ratio of the measured KED presented in Fig. 3(b) is not sufficient to allow a clear identification of this process in the NeAr dimer.
On the other hand, the broadening of the experimental distribution to the low-energy side cannot be explained by the above mechanisms. A possible reason for this part of the [17] . In this case the wave packet would have enough time to propagate on the potential-energy curve (PEC) of the Ne + (2s −1 )Ar ionic state so that the dimer could contract towards the inner turning point of the PEC at 2.8Å. Thus, when ICD occurs, the kinetic energy of the ions accounts for a larger amount of energy. If ICD occurs at the ground-state equilibrium geometry, then the ICD electron has a KE of about 7 eV, while if it occurs at the inner turning point of the excited ionic state, the ICD electron KE would be reduced to 6 eV. A very simple argument allows us to conclude that the reduction of the ICD electron KE by 1 eV takes the time needed for the dimer to contract from the outer to the inner turning point (half a vibrational period, 225 fs). Assuming a linear relationship between the energy loss of the ICD electron and the contraction time, one can conclude that the broadening of the distribution to lower energies by about 0.25 eV suggests an ICD lifetime of approximately 55 fs. This, however, is at odds with a number of calculations [16] [17] [18] , among which the most recent one suggests an ICD lifetime of 35 fs, which is compatible with the approximation of fixed nuclei adopted in [17, 18] .
Another possible contribution which could lead to a broadening of the ICD electron KED to lower energy is the ICD to ion states correlating with spin-orbit excited fine-structure states of Ne + (2p −1 ) and Ar + (3p −1 ). The spin-orbit splittings of the ionic ground states of Ne + and Ar + are 97 and 177 meV, respectively. In the ICD process, if more energy goes to the ions, less energy is available for the ICD electron. The net results would be a broadening and a shift to lower energies of the KED of the ICD electrons by an amount which is commensurable to the broadening observed. However, an accurate quantification of this effect is difficult as the spin-orbit splittings depend on the internuclear distance in the dimer and require a detailed calculation beyond the scope of this work. As the effect of this decay is the same as that due to a nonzero lifetime in the ICD state, the lifetime estimated in the previous paragraph should be considered as an upper limit.
The first time-resolved measurement of the lifetime of the ICD process for the Ne 2 dimer gives a value of 150 ± 50 fs [33] , which is also longer than the values of 64-92 fs predicted from theory, depending on the specific theoretical method adopted [34] [35] [36] . It should be mentioned that, while the evidence presented in [33] is based on direct time-resolved experiments, in this work we present indirect evidence for the lifetime.
IV. CONCLUSIONS
The kinetic-energy distributions of ICD electrons emitted following photoionization of a 2s electron from a Ne atom have been measured in Ne 2 and NeAr dimers. The distribution in the case of the Ne 2 dimers is compared with previous measurements [5] , and the favorable comparison validates the experimental method used. The peaks of the previously unmeasured ICD electron kinetic-energy distribution in the case of NeAr agree very well with the ab initio calculations [16, 17] for NeAr in v = 0, whereas the width of the measured distribution is significantly larger than the calculated one. The broadening to higher kinetic energies can be explained as being due to contributions from v = 1 and v = 2 states, as suggested by calculations [17] . Some hypotheses for the broadening to the lower-energy side such as ETMD or autoionization of excited ions have been discussed but can be eliminated. A possible explanation is that the nuclear dynamics results in contraction of the excited Ne + (2s −1 )Ar state from the equilibrium distance before the ICD takes place, resulting in more energy being channeled into the Coulomb explosion in the form of ion kinetic energy and hence less energy being channeled into the ICD electrons' KE. This is in contrast to recent calculations which suggest that the ICD takes place in 35 fs [18] . Although it is difficult to relate the broadening to the lifetime of the ICD, some simple semiclassical arguments suggest that a lifetime of approximately 55 fs is required to explain the results. Another possible source of broadening of the ICD electron KED to lower energies is the ICD to final molecular dication states that correlate to spin-orbit excited Ne + (2p −1 ) and Ar + (3p −1 ) ions. The above-estimated lifetime should therefore be considered as an upper limit.
